Abstract: This work analyzes the components of the total water level (TWL) that cause flooding in a tropical coastal area (Nha Trang beach, Southeast of Vietnam), and examines their link with global mean sea level rise (GMSLR). Interactions between the wave induced run-up (R) and astronomical tide (AT) were responsible for 43% of the 35 flooding events identified between 1993 and 2015. Most of these events (97%) took place during the winter monsoon season, when long-lasting extreme R and positive non-tidal residual (NTR) are likely to occur. Removal of the GMSLR trend from the NTR was found to affect the flood occurrence of 17% of these events, while the trend in wave height did not have any detectable impact. Our research highlights the direct connection between global climate changes and coastal flooding events.
Introduction
Coastlines worldwide are under threat because of climate change [1, 2] . Recent probabilistic projections, on the physical basis of climate change [3, 4] have projected that the global mean sea level (GMSL) will rise by 0.5 to 1.2 m by the year 2100 under various emissions scenarios because of warming oceans and declining ice volumes. Global mean sea level rise (GMSLR) is already under way and satellite altimetry indicates that sea level has been rising at an average rate of 3.03 ± 0.15 mm/year since 1993 [5] . The impact of GMSLR is not uniform in space and time. Total water level (TWL) at the coast changes differ significantly from GMSL changes because of additional regional and local processes, such as (1) astronomical and meteorological tides, (2) regional sea-level anomalies, and (3) local wave-driven setup and run-up processes [6] .
Assessments of coastal vulnerability caused by climate change has tended to focus on the impact of sea-level rise [7] , however, recent studies demonstrate that climate-induced variations in the wave climate have the potential to cause coastal impacts (e.g., shoreline retreat and flooding) that are more important than those related to sea-level rise itself [8, 9] .
Coastal flooding occurs when the TWL exceeds a natural or artificial defence structure (e.g., dune field or seawall), which constitutes the first line of defence of coastal infrastructure [10] . The potential for TWL to exceed these thresholds depends on the relative composition of TWL (interactions between astronomical tides, regional sea levels and wave processes). Recent studies have demonstrated that the dominant contributions differ depending on the time-scales considered [11] and the geographical
Study Site
The coastal site selected for the present work is Nha Trang beach-a sandy beach located within a semi-closed bay in South East Vietnam (Figure 1 ). The bay is approximately 6 km in length, has an average shoreline orientation NE-SW, and is partially sheltered from south and south-easterly waves by a group of islands. The average beach profile is characterized by a relatively narrow sub-aerial zone (30 m wide), with a steep upper beach face (slope~0.1) truncated by a seawall (Figure 1c ). Note that this coastal region does not suffer from land mass subsidence, due to groundwater extraction, as have other large coastal cities in Vietnam (e.g., Ho Chi Minh City, or Hanoi) [17] . For this reason, land subsidence was not considered in the sea level analysis presented here. The wave climate and sea level at Nha Trang is strongly influenced by two monsoon seasons-the winter and summer monsoons. The winter monsoon is characterized by strong winds (between 8-12 m/s), energetic waves and positive non-tidal residual (NTR), typically occurring during the wet season (from October to March), while the summer monsoon is characterized by relatively mild wind and wave regimes and small to negative NTR [18, 19] . In addition to the monsoon seasons, tropical cyclones, also known as Typhoons, can produce very energetic waves and extreme sea levels in the area, resulting in infrequent but significant coastal flooding events [20] . Nha Trang Bay experiences a mix of diurnal and semi-diurnal tides with a micro-tidal range (maximum range = 1.5 m, during spring tides). The wave climate and sea level at Nha Trang is strongly influenced by two monsoon seasons-the winter and summer monsoons. The winter monsoon is characterized by strong winds (between 8-12 m/s), energetic waves and positive non-tidal residual (NTR), typically occurring during the wet season (from October to March), while the summer monsoon is characterized by relatively mild wind and wave regimes and small to negative NTR [18, 19] . In addition to the monsoon seasons, tropical cyclones, also known as Typhoons, can produce very energetic waves and extreme sea levels in the area, resulting in infrequent but significant coastal flooding events [20] . Nha Trang Bay experiences a mix of diurnal and semi-diurnal tides with a micro-tidal range (maximum range = 1.5 m, during spring tides).
Materials and Methods

Local Sea Level Estimation
The total water level (TWL) at Nha Trang was computed over the 1993-2015 period as:
where NTR is the altimetry non-tidal residual, AT is the astronomical tide and R is the wave-induced vertical run-up. Due to the limited tide gauge observations (2 years of observations-from 1 January 2013 to 8 December 2014), the NTR used in the present work was obtained from satellite altimetry. The satellite altimetry data was obtained from the global ocean 
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where NTR is the altimetry non-tidal residual, AT is the astronomical tide and R is the wave-induced vertical run-up. Due to the limited tide gauge observations (2 years of observations-from 1 January 2013 to 8 December 2014), the NTR used in the present work was obtained from satellite altimetry. The satellite altimetry data was obtained from the global ocean SSALTO/DUACS delayed-time level 4 sea surface height products, provided by the Copernicus Marine Environment Monitoring Service (CMEMS). In these products, the along-track data of Topex/Poseidon, Jason-1, Jason-2, Envisat, GFO, ERS-1, ERS-2 and Cryosat-2 were merged and mapped onto a 1/4 • grid at a daily resolution. Note that the NTR product is corrected for several atmospheric, oceanographic and meteorological processes (e.g., ionospheric correction, sea-state bias, tide, wind and atmospheric correction; see [21] ) The NTR data used in the present work was extracted from the closest point to Nha Trang coast, located at 12.05 • N and 109.49 • E (Figure 1) , and contains information about several non-tidal processes such as storm surges, seasonal and interannual sea level anomalies, and long-term [22] . Tide predictions were performed with hourly temporal resolution for a grid point near Nha Trang Bay (Figure 1b) . Because there are no records available for R which cover the period 1993-2015, R was estimated using the empirical parameterization of [23] , where R is parameterized as a function of deep-water significant wave height (H s ), wave length (L o ), and beach slope (β):
Wave parameters (H s and L o ) in Equation (2) were obtained from the 6-hour based ECMWF ERA-Interim wave reanalysis outputs [24] at the grid point closest to Nha Trang Bay (Figure 1b) for the period from 1993 to 2015. The β was defined based on previous field observations at the site [25] .
Validation of the Datasets
TWL components from Equation (1) (NTR and R) were compared with in situ observations and evaluated through conventional statistical analysis. The latter consisted of a calculation of the following parameters: (1) correlation coefficient (CC); (2) bias; and (3) root mean squared error (RMSE). The altimeter NTR was compared with the hourly records of the local tide gauge NTR (computed as the difference between the predicted tide and observed tide elevation) for the period of available tide-gauge data (1 January 2013 to 8 December 2014). Before performing these statistical comparisons, wind and dynamic atmospheric corrections (named DAC), which were previously removed from the final product of the altimeter NTR, were re-introduced to include meteorological processes, such as storm surges, in the NTR time series. In addition to this both time series (altimetry and tide gauge datasets) were linearly detrended before the comparison. The predicted tides were harmonically analyzed, and the amplitudes and phases of all constituents were compared with the tidal observations. It was found that the mean amplitude and phase differences were very small (0.001 m and 0.4 • respectively) thus the tidal model was preliminarily validated. R estimates (using Equation (2)) were compared with field observations performed by a 2D Lidar during a 5-day field experiment between November and December of 2015 [25] . These field observations were performed under variable offshore wave conditions (varying from energetic to low energy waves) and allowed the quantification of differences in R behavior under changing waves, tides and beach slope conditions [25] . Due to the lack of local wave information (e.g., wave buoy data), the ERA-Interim modelled wave parameters used in Equation (2) 
Results
Validation
A comparison between the observations and estimations of the different TWL components is presented in Figure 2 . The results show that the altimeter NTR had a good correlation with the local tide gauge NTR (CC = 0.79). It is important to note that the tide gauge NTR used in this comparison was interpolated to the altimeter's temporal resolution (daily), thus some of the short-term tide gauge NTR are not fully captured by the altimeter dataset, as shown in Figure 2a .
tide gauge NTR (CC = 0.79). It is important to note that the tide gauge NTR used in this comparison was interpolated to the altimeter's temporal resolution (daily), thus some of the short-term tide gauge NTR are not fully captured by the altimeter dataset, as shown in Figure 2a . (Figure 2e,f) , nevertheless the tide modulation of the run-up was improved when beach-slope variations due to the tide were accounted for in Equation (2) (Figure 2e ). In order to include temporal variations of beach slope in estimates of R, an empirical relationship between tide and slope was developed: β = 0.037 + 0.062, where  is the tide level (this empirical relationship has CC = 0.76).
Coastal Flooding Events
The elevation of the top of the seawall (Figure 1 (1) and (2) with no impact and impact, respectively). The impact of the Hayian Typhoon (coastal flooding) was underpredicted by the present TWL estimations ( Figure  3 ). Detailed inspection of the ERA-interim wave time-series during this extreme event showed that it went undetected in model results. This result is similar to that of previous literature [26] , which found that regardless of the model's sensitivity to physics, the ERA-interim performs well in A comparison between the ERA-interim H s re-analysis and the satellite H s observations shows a strong positive correlation (Figure 2d) , indicating that the model outputs represent the H s characteristics in the Nha Trang region. The comparison between the observed and predicted R shows a good agreement (Figure 2e,f) , nevertheless the tide modulation of the run-up was improved when beach-slope variations due to the tide were accounted for in Equation (2) (Figure 2e ). In order to include temporal variations of beach slope in estimates of R, an empirical relationship between tide and slope was developed: β = 0.037η + 0.062, where η is the tide level (this empirical relationship has CC = 0.76).
The elevation of the top of the seawall (Figure 1 (2) with no impact and impact, respectively). The impact of the Hayian Typhoon (coastal flooding) was underpredicted by the present TWL estimations (Figure 3 ). Detailed inspection of the ERA-interim wave time-series during this extreme event showed that it went undetected in model results. This result is similar to that of previous literature [26] , which found that regardless of the model's sensitivity to physics, the ERA-interim performs well in predicting Haiyan typhoon's track but substantially underestimates its intensity (the category-5 event was predicted as only category-1). predicting Haiyan typhoon's track but substantially underestimates its intensity (the category-5 event was predicted as only category-1). A total of 35 CFEs were identified in the 23-year TWL time-series, the majority of those (97%) occurring during the winter monsoon (October to March), while 3% of them were observed during the summer monsoon (Figure 3b,c) . The annual CFE follows the patterns of variability of the R2% particularly well (computed as the 2% of excess of the detrended time series), where CC = 0.76 (Figure 3b) . A decomposition of the identified CFE (relative percentage of variance explained by each TWL component; ensemble average for the identified CFEs- Figure 3d) shows that R is the most important component (74.5%), followed by AT (16%) and NTR (9.5%). The importance of the individual TWL components in driving the CFEs was further investigated. By removing R from Equation 1, no event exceeds the flooding threshold, which reinforces the fact that waves are the dominant process governing the CFE in Nha Trang Bay (Table 1) . By removing AT, only 5 events occur, and AT combined with R results in 16 events, which represents 46% of the observed events. Hence R and AT combined are the most important interaction driving the CFE. This does not mean that NTR is insignificant; adding NTR to the combination of R and AT results in an additional 19 CFEs. A total of 35 CFEs were identified in the 23-year TWL time-series, the majority of those (97%) occurring during the winter monsoon (October to March), while 3% of them were observed during the summer monsoon (Figure 3b,c) . The annual CFE follows the patterns of variability of the R2% particularly well (computed as the 2% of excess of the detrended time series), where CC = 0.76 (Figure 3b) . A decomposition of the identified CFE (relative percentage of variance explained by each TWL component; ensemble average for the identified CFEs- Figure 3d) shows that R is the most important component (74.5%), followed by AT (16%) and NTR (9.5%). The importance of the individual TWL components in driving the CFEs was further investigated. By removing R from Equation 1, no event exceeds the flooding threshold, which reinforces the fact that waves are the dominant process governing the CFE in Nha Trang Bay (Table 1) . By removing AT, only 5 events occur, and AT combined with R results in 16 events, which represents 46% of the observed events. Hence R and AT combined are the most important interaction driving the CFE. This does not mean that NTR is insignificant; adding NTR to the combination of R and AT results in an additional 19 CFEs. 
Contributions of Global and Regional Climate Change to Coastal Flooding Events
Trends in the climate-driven components (NTR trend = 4.51 mm/year-computed from altimetric NTR; and R = 1.58 mm/year) were removed and the number of CFEs was re-calculated. Removal of the trend from the NTR dataset reduced the number of events to 29, while the detrended R had no effect on the number of events.
To further investigate the processes underlying the trend in NTR, global and regional climate contributions were removed from the signal. First, the global mean sea level rise (GMSLR) trend (3.03 ± 0.15 mm/year [5] ) was removed from the altimetry NTR signal, and CFE was then re-quantified. The detrended NTR signal was further decomposed using multiple variable linear regression in order to quantify the contributions of regional climate modes of variability. The Pacific Decadal Oscillation index (PDO), computed as the low-pass filter (cutoff frequency of 7 years) of Niño 3.4 index, and inter-annual signature of El Niño Southern Oscillation (ENSO), computed as a low-pass filter (cutoff frequency of 1.3 years) of Niño 3.4 index, were used to reconstruct altimetry NTR following the approach proposed by Zhang and Church [27] :
where a 0 is the intercept, a 1 is the regression coefficient with respect to the PDO, a 2 the coefficient relative to El Niño and ε a is the residuals. The reconstructed NTR signal by multivariate linear regression (MVLR) had a good correlation with the observed NTR (CC = 0.86) which is due to the fact that PDO and inter-annual El Niño explain most of the decadal and interannual NTR variability in the South China Sea [19] . Removal of the GMSLR trend from NTR results in 29 CFEs. In other words, 17% of CFEs are directly affected by GMSLR (Figure 4) 
where a0 is the intercept, a1 is the regression coefficient with respect to the PDO, a2 the coefficient relative to El Niño and a is the residuals. The reconstructed NTR signal by multivariate linear regression (MVLR) had a good correlation with the observed NTR (CC = 0.86) which is due to the fact that PDO and inter-annual El Niño explain most of the decadal and interannual NTR variability in the South China Sea [19] . 
Discussion and Conclusions
This work presents a 23-year time-series of local sea level (TWL) for a coastal site in Southeast Vietnam, using a combination of altimetry and model datasets. The validation process demonstrated that this approach is reliable and adequate for identifying the occurrence and composition of coastal flooding events (CFEs). Nonetheless, it is important to highlight the inaccuracy of the ERA-Interim model in predicting Typhoon strength in the region. Accurate forecasting of tropical cyclone intensity is still a challenge [28, 29] and might represent an important limitation in regions where Typhoons are the dominant drivers of coastal flooding. In addition to the waves, very short-term NTR processes, such as storm surges associated with typhoons, are poorly captured by altimetry NTR. The relatively low temporal resolution of altimetry satellites limits the capacity of this remote sensing method to capture this type of short-term sea level change. Nevertheless, along the Nha Trang coast, winter monsoons characterized by long-lasting energetic waves and positive NTR are the main mechanism responsible for shoreline retreat and flooding events [18] . Thus, underestimating the Typhoon contributions is unlikely to significantly affect the present findings.
The wave-driven R was found to be the dominant TWL component driving CFEs at Nha Trang ( Figure 3 and Table 1 ). This result conforms to previous studies of TWL contributions on wave-exposed coastlines [6, 11, 12] and is likely to be representative of most of the Vietnamese wave-exposed sandy coastlines.
Although our results show that R is the single most important contributor to TWL, it is the interaction between R and other factors that drive coastal flooding in Nha Trang. Interaction between R and AT was found to explain almost half (46%) of the identified CFE occurrences. The majority of the CFEs resulting from this combination occurred during the winter monsoon season, when near-constant energetic wave conditions are observed [18] and there is a higher probability of the simultaneous occurrence of large waves and high tides.
Although NTR was found to have a relatively small individual contribution, by adding it to R + AT, the number of CFEs increases by 54%. Note that the NTR in the South China Sea is also controlled by the monsoon seasons and that long-lasting positive NTRs are typical during winter monsoons [30] [31] [32] [33] .
Our data show that the altimetry NTR trend was responsible for the occurrence of 6 CFEs (17% of the total number of events). Decomposition of the ASLA signal demonstrated that the GMSLR is the main process responsible for this trend. The PDO and El Ñiño contributions to the NTR signal had a small effect on CFE occurrence. Compared to the 1990 and early 2000s, NTR trends had a greater impact on CFE occurrence from 2003 onwards, coinciding with a period when large NTR and R values where observed. This result suggests that a persistent increment in the base water level is very likely to increase the probability of winter monsoon NTR and R extremes, in turn promoting CFEs at Nha Trang. Considering that the positive NTR trend in the South China Sea is larger than GMSLR [19, [34] [35] [36] , an increase in the number of CFEs is expected in the future, as predicted in the global simulations of Vitousek et al. [16] . These findings highlight the need to assess the composition of the CFE in other regions of the coast of Vietnam, including regions with different wave exposition and coastal morphology (i.e., bathymetry and topography) in order to manage the likely increase in flooding risk.
